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A B S T R A C T
The assessment of risk of vertebral fracture in patients with lytic metastases is challenging, due to the complexity
in modelling the mechanical properties of this heterogeneous material. Currently clinical assessment of patients
at high risk of fracture is based on the Spinal Instability Neoplastic Score (SINS), which however in many cases
does not provide clear guidelines. The goal of this study was to develop a computational approach to provide a
comparative biomechanical assessment of vertebrae with lytic lesions with respect to the adjacent controls and
highlight the critical vertebrae. The computed tomography images of the thoracolumbar spine of eight patients
sufering of vertebral lytic metastases with SINS between 7 and 12 (indeterminate unstable) were analysed. For
each patient one or two vertebrae with lytic lesions were modelled and the closest vertebrae without lesions
were considered as control. Metastatic vertebrae (N=12) and controls (N= 18) were converted to subject-
speciic, heterogeneous, isotropic, nonlinear inite element models for simulating uniaxial compression.
Densitometric and mechanical properties were computed for each vertebra. In average, similar mechanical
properties were found for vertebrae with lytic lesions and controls (e.g. ultimate force equal to 6.2 ± 2.7 kN for
vertebrae with lytic lesions and to 6.2 ± 3.0 kN for control vertebrae). Only in three patients the vertebrae with
lytic lesions were found to be mechanically weaker (−19% to −75% diference for ultimate stress) than the
controls. In conclusion, in this study we presented an approach to estimate the mechanical competence of
vertebrae with lytic metastases. It remains to be investigated in a clinical study if this method, together with the
SINS, can better classify patients with vertebrae with lytic lesions at high risk of fracture.
1. Introduction
Vertebral metastatic lesions are very common in cancer patients and
over 70% of metastases are located in the spine (Sutclife et al., 2013).
Breast, lung, prostate, and renal cancers are the most common malig-
nant conditions that lead to the development of lytic lesions on bone
(Vialle et al., 2015), which appear in radiological images as focal re-
gions with very low volumetric bone mineral density (BMD) (Sánchez
and Sistal, 2014). Other cancers as multiple myeloma and spinal hae-
mangiomas cause a widespread of smaller lytic lesions on bone
(Sánchez and Sistal, 2014). The lytic lesions were found to decrease
bone strength and increase the risk of fracture (Hardisty et al., 2012;
Ebihara et al., 2004). Scoring systems as the Spinal Instability Neo-
plastic Score (SINS) have been developed to identify patients who need
surgical intervention due to the high fracture risk of vertebrae with
metastasis (Fourney et al., 2011). However, the SINS fail to identify true
negative cases (i.e. speciicity equal to 79.5%) (Fisher et al., 2014),
leading to the overtreatment of patients already weakened due to the
radio- and/or chemo-therapies they need to face against the primary
cancer. Moreover, for SINS between 7 and 12 no clear guidelines are
reported, making the decision of the clinicians more di cult and based
on their experience.
To the authors’ knowledge the efect of lytic lesions on the me-
chanical competence of human vertebrae has been tested experimen-
tally only for mechanically induced defects (i.e. drilled holes in the
healthy tissue) (Alkalay et al., 2018; Palanca et al., 2018; Alkalay and
Harrigan, 2016; Alkalay, 2015; Windhagen et al., 1997; McGowan
et al., 1993; Silva et al., 1993). Alkalay (2015) showed a weak
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correlation between stifness and strength of vertebrae with drilled
mechanical defects. Other studies show weak to fair correlations be-
tween the size of the induced lytic lesion and the vertebral strength
(0.26≤R2≤0.52) (Alkalay et al., 2018; Windhagen et al., 1997;
McGowan et al., 1993; Silva et al., 1993). Palanca et al. (2018) showed
how artiicially induced defects afect the strain distribution in the
external anterior surface of the bone. Alkalay (2015) demonstrated how
the mechanisms of vertebral deformation and fracture are afected by
mechanically induced lytic lesions. Nonetheless, more studies are
needed to better understand the efect of real lytic lesions on the whole
vertebral strength. In fact, the tissue around the lesion may remodel
over time due to the change in the local tissue environment, changing
dramatically the efect of the lesion on the vertebral mechanics.
Subject-speciic inite element (FE) models applied to clinical
Quantitative Computed Tomography (QCT) scans have been found to
be accurate in estimating the structural properties of human vertebrae
measured ex vivo (0.28≤R2≤0.82 for stifness and 0.78≤R2≤0.86
for ultimate load) (Wang et al., 2012; Dall’Ara et al., 2012; Buckley
et al., 2007; Crawford et al., 2003). This approach has been applied to
study the structural response of functional spinal units, composed of
three vertebrae and two intervertebral discs (Alkalay et al., 2018;
Alkalay and Harrigan, 2016; Alkalay, 2015; Groenen et al., 2018). QCT-
based FE models of two vertebrae one of which included artiicially
induced lesions have been developed (Alkalay and Harrigan, 2016) and
were found to well predict global deformation of the vertebrae with the
lesion (R (Vialle et al., 2015)= 0.91) tested under axial compression.
Moreover, they showed that the lesion afected the loading transfer
between vertebrae, with signiicant changes in the strain distribution
among vertebrae with and without lesions (Alkalay and Harrigan,
2016). Recently, subject-speciic QCT based FE models of human ver-
tebral segments with mechanically induced lesions in the middle ver-
tebra have been shown to be able to predict vertebral stifness
(0.64≤R2≤0.69) but unable to accurately predict failure loads
(0.22≤R2≤0.25) estimated from compression tests (Groenen et al.,
2018). On the other hand, subject-speciic FE models of individual ca-
daveric vertebrae with lytic lesions based on high-resolution scans re-
sampled to clinical CT resolution have shown to be accurate in pre-
dicting vertebral strength (R2=0.73 (Vialle et al., 2015)). Despite the
clear local microstructural changes induced by the metastases on the
bone tissues, it was observed by Nazarian et al. (2008) that the re-
lationship between structural properties of trabecular bone with lytic
lesions, measured with experimental compressive tests, and their BMD,
computed with a combination of micro-CT scanning and gravimetrical
measurements, is similar to that observed for healthy tissue. Therefore,
that study suggests that tissue with lytic lesions could be modelled as
low-BMD bone tissues, with similar constitutive behaviour. Recently,
Lenherr et al. (2018) have conirmed this assumption by showing that
there is no signiicant diferences between the material properties of
normal and lytic trabecular tissue extracted from human vertebrae and
subjected to micro-indentation experiments (N= 14).
FE models of generalised and subject-speciic geometries of human
vertebrae have been used to study the efect of lesion size, position,
bone quality, and other parameters on vertebral strength (Whyne et al.,
2001, 2003; Tschirhart et al., 2004, 2007; Galbusera et al., 2018).
However, considering the complexity of the vertebral structure, in-
dividualised models are required to classify patients at high risk of
fracture. Subject-speciic heterogeneous QCT-based FE models have
been shown to improve the assessment of vertebral stability of patients
with multiple myeloma (Campbell et al., 2017). In that study vertebral
compressive strength predicted with FE models better classiied mul-
tiple myeloma patients who sufered of a fracture compared to densi-
tometric or microstructural parameters (Campbell et al., 2017).
Nevertheless, the potential of these models in predicting the mechanical
stability of vertebrae with lytic lesions remains to be investigated.
Moreover, a comprehensive analysis of the mechanical competence of
vertebrae with or without lytic lesions in the same patient has not been
reported in the literature.
The aim of this study was to use subject-speciic QCT-based FE
models to evaluate the stability of vertebrae with lytic lesions in pa-
tients with vertebral metastases. While a direct validation of the outputs
of the models for this speciic application was not the goal of this study,
the proposed comparative computational approach enables to highlight
for each patient if the vertebrae with lytic lesions should be considered
critical with respect to the adjacent vertebrae without lesions. After
proper validation of the outcomes in clinical studies, this biomechanical
approach can be used to support the decision of clinicians when the
SINS does not provide clear guidelines.
2. Materials and methods
2.1. Patients and scanning
Eight QCT scans were collected from patients (following referred to
as P1–P8) with vertebrae with lytic lesions in one or more vertebral
bodies classiied as indeterminate unstable by the SINS (i.e. scores be-
tween 7 and 12) (Fourney et al., 2011). All research approaches were
performed in compliance with the local ethical committee (“A multi-
center prospective registry for the management and outcome of meta-
static spine tumors”, 10848–5/2018/EKU). None of the patients was
subjected to any radiotherapy session in the six months previous to the
QCT scanning. From the eight QCT datasets of the considered patients
(three males and ive females, 60 ± 12 years old, 70 ± 16 kg weight,
and 168 ± 12 cm height), vertebrae with lytic lesions were identiied
with the help of an experienced orthopaedic surgeon, who assessed the
vertebral stability based on the SINS (SINS criteria in Appendix A and
results in Table 1).
The QCT scans were acquired with a Hitachi Presto CT machine
using an in-line calibration phantom, and a protocol previously deined
in the MySpine project (ICT-2009.5.3 VPH) with voltage of 120 kV and
intensity of 225mA (Rijsbergen et al., 2018). Images were re-
constructed with a voxel size of 0.6× 0.6×0.6mm3. For each patient,
at least one vertebra with a lytic lesion and the two most adjacent
control vertebrae (i.e. without lesions) were reconstructed. One (P2, P3,
P5 and P8) or two (P1, P4, P6 and P7) vertebrae with lytic lesions were
identiied and modelled (Table 1).
2.2. Image processing
The Hounsield Units values of the QCT images were converted into
BMD equivalent values by using a densitometric calibration obtained
with an in-line phantom (Hitachi Presto, Hitachi Medical Corporation,
Tokyo, Japan) with ive cylindrical insertion with known mean
equivalent BMD values (0, 0.5, 0.1, 0.15, and 0.2 g/cm3) (Fig. 1a). Each
vertebra was segmented (Amira v6.0.1, Thermo Fisher Scientiic,
Oregon, USA, Fig. 1b) and aligned with a global reference system, based
on an in silico approach described previously in detail (Danesi et al.,
2014). Briely, the vertebrae were aligned with respect to pre-deined
anatomical planes, by the selection of 10 virtual landmarks, placed over
the most anterior-posterior and medio-lateral regions of the top and
bottom surfaces of the endplates, and on the right (LR) and left (LL)
corners of the posterior wall of the top endplate (Fig. 1). As the top and
bottom endplates of the vertebrae were not parallel to each other the
alignment over the sagittal and frontal planes were performed based on
the orientation of the respective bisector planes. The local reference
coordinate system used for the alignment was set with origin in the LR
landmark, x-direction pointing towards the LL landmark, and the xy-
plane with the same orientation as the transverse bisector plane found
between endplates (Fig. 1d).
The cross section area (CSA) of each vertebra was calculated from
the binary QCT images as the mean values of the cross section areas
calculated in each slice of the vertebral body, excluding the endplates,
after manual segmentation (Amira v6.0.1, Thermo Fisher Scientiic,
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Table 1
Details of the cohort including patient's ID, dataset ID, age, gender (M for male and F for female), weight, height, vertebral levels modelled, their condition, and the
SINS for the vertebrae with lytic lesions.
Patient ID Dataset ID Age [yrs] Gender Weight [kg] Height [cm] Vertebral Level Condition SINS score
P1 MV00 59 M 92 192 T12 Control –
L1 Lytic 9
L2 Control –
L3 Control –
L4 Lytic 7
L5 Control –
P2 MV04 63 F 69 164 L3 Control –
L4 Control –
L5 Lytic 7
P3 MV05 68 F 56 153 T4 Control –
T5 Lytic 10
T6 Control –
P4 MV06 39 F 44 166 L1 Control –
L2 Lytic 10
L3 Lytic 8
L4 Control –
P5 MV08 70 F 82 163 L1 Control –
L2 Lytic 11
L3 Control –
P6 MV09 74 M 63 175 L2 Control –
L3 Lytic 12
L4 Lytic 9
L5 Control –
P7 MV10 63 F 80 162 T11 Control –
T12 Lytic 8
L1 Lytic 11
L2 Control –
P8 MV12 44 M 75 172 L3 Control –
L4 Lytic 7
L5 Control –
Fig. 1. Generation of the computational models. Image processing steps for the building of the subject speciic models: Example of cross section of the QCT scan
with the calibration phantom (a); Typical segmentation of vertebrae with large lesions represented in sagittal and axial sections (b); scheme of the deinition of the
critical dimensions for the vertebra (c); Example of the alignment of the vertebrae according to the virtually palpated landmarks (d); Example of tetrahedral mesh
with the mesh size chosen for the study (e).
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Oregon, USA). The minimum height (Hm) of each vertebra was com-
puted as the axial distance between the most concave points miraof the
vertebral endplates (Fig. 1c). The equivalent BMD was estimated for a
sub-region of interest of each QCT image, which included the cortical
and trabecular bone tissues, in the middle portion of each vertebral
body (50% of Hm), excluding the posterior elements. Bone mineral
content (BMC) was then estimated as the equivalent BMD times the
volume (V) of each considered sub-region of interest.
2.3. Finite element models
Each vertebral geometry was meshed using quadratic tetrahedral
elements with a maximum edge size of 1.0mm (more details about the
choice of the element size are reported in Appendix B) (Fig. 1e).
Under the assumption that lytic lesions afect only local BMD
(Nazarian et al., 2008), bone and lytic tissues were modelled similarly
as heterogeneous, isotropic, and elastic-plastic materials, by using the
same constitutive law.
Elastic properties of the tissue were estimated using a set of density
to elasticity relationships from the literature to convert the BMD
equivalent value at each element to apparent density [Eq (1)] (Les
et al., 1994; Schileo et al., 2008) and then to the elastic modulus [Eq
(2)] (Morgan et al., 2003) (Bonemat software, Bologna, Italy). Bone
plasticity was modelled using an isotropic Von Mises yield criterion,
based on a density-strength relationship [Eq (3)] (Morgan and Keaveny,
2001), and including an isotropic hardening rule, with a 95% reduction
in the post-yield modulus [Eq (4)] (Morgan et al., 2003; Bayraktar
et al., 2004; Morgan and Keaveny, 2001).
= = × cm0.6 [g/ ]QCT ash app
3
[1]
Table 2
Geometrical (minimum vertebral height, Hm, and mean cross-section area, CSA) and densitometric (i.e. mean equivalent bone mineral density, BMD, and bone
mineral content, BMC) properties for each vertebra analysed in this study.
Patient ID Dataset ID Level Condition Hm [mm] CSA [cm2] QCT Equivalent BMD [g/cm3] BMC [g]
P1 MV00 T12 Control 25.3 14.2 0.23 3.86
L1 Lytic 22.2 16.6 0.22 3.85
L2 Control 23.7 17.2 0.25 4.57
L3 Control 24.1 17.0 0.27 5.09
L4 Lytic 25.4 16.0 0.25 4.75
L5 Control 23.6 15.6 0.33 6.24
P2 MV04 L3 Control 27.3 12.4 0.14 2.17
L4 Control 25.1 13.4 0.15 2.42
L5 Lytic 23.5 16.5 0.24 5.37
P3 MV05 T4 Control 14.6 4.79 0.17 0.55
T5 Lytic 11.6 6.24 0.12 0.43
T6 Control 16.1 5.32 0.17 0.66
P4 MV06 L1 Control 23.5 10.8 0.21 2.54
L2 Lytic 21.0 11.8 0.25 2.92
L3 Lytic 23.2 11.3 0.23 2.75
L4 Control 27.7 10.7 0.22 3.03
P5 MV08 L1 Control 22.1 12.0 0.18 2.27
L2 Lytic 23.2 15.2 0.18 2.91
L3 Control 25.1 13.1 0.17 2.59
P6 MV09 L2 Control 23.4 14.5 0.25 3.84
L3 Lytic 19.1 21.9 0.10 2.12
L4 Lytic 24.4 16.3 0.21 4.32
L5 Control 24.3 15.1 0.29 5.93
P7 MV10 T11 Control 19.8 11.8 0.16 1.72
T12 Lytic 21.2 13.0 0.14 1.68
L1 Lytic 22.7 14.2 0.17 2.52
L2 Control 23.7 13.2 0.16 2.31
P8 MV12 L3 Control 26.1 15.3 0.19 3.60
L4 Lytic 27.5 16.0 0.27 5.72
L5 Control 23.5 15.9 0.21 5.95
Fig. 2. (a) Mechanical properties of the vertebrae with or without lytic lesions. Force-Displacement and (b) Stress-strain curves of all the vertebrae analysed in
this study with lytic lesions (in red) and without lytic lesions (controls, in black).
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Models were loaded by applying a displacement along the axial
direction to the surface nodes of the most cranial endplate until a
compression equal to the 1.9% of Hm, assumed as failure of the ver-
tebra (Wang et al., 2012; Keaveny et al., 2014). Nodes from the caudal
endplates were ixed in all directions.
To reduce the inluence of boundary efects, local properties were
analysed for a sub-region of interest of the vertebral models, which
included the middle 50% of Hm and excluded all the posterior elements
that were farer than 15% of the vertebral anterior-posterior width from
the most posterior point of the caudal endplate. Vertebral models had
on average 3 million of degrees of freedom and took approximately 2 h
to solve in the inite element software Mechanical APDL (ANSYS
Academic Research, Release 15.0), using parallel distributed memory
over a maximum of 32 cores on Iceberg, the High-Performance
Computing cluster of the University of Sheield (3440 cores, 31.8 TB of
RAM).
For each vertebral model, the resultant load was computed as the
sum of the axial reaction forces calculated at the nodes of the bottom
endplate. The applied displacement along the axial direction was
computed for the node of the top endplate, which fell closest to its
centroid. Such measurements were taken for each iteration of the
nonlinear models. Spring stifness (K) was estimated as the slope of the
linear range of the force-displacement curves and ultimate force (FU)
was estimated as the resultant axial reaction force at 1.9% apparent
strain (Wang et al., 2012; Keaveny et al., 2014). Work-to-failure (W)
was calculated as the area under the load-displacement curve until
1.9% global deformation. The normalized stifness (E) and strength (σU)
were computed by normalizing K and Fu by CSA and Hm (Dall’Ara
et al., 2012) as following:
=
×
×
= ×E
F Hm
l CSA
K
Hm
CSA
U
[5]
=
F
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U
U
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The yield stress (σY) was estimated from the stress-strain curves
with the 0.2% ofset method (Morgan and Keaveny, 2001). The energy-
to-failure (U) was calculated as the area under the stress-strain curve.
Distribution of principal compressive strain (εp3) and stress (σp3)
were analysed for each FE model to evaluate how the lytic lesions afect
the loading distribution and deformation within each vertebra.
Distributions of equivalent elastic (εeq
el) and plastic (εeq
pl) strains were
analysed for each FE model to evaluate where the plastic deformation
localised within the vertebra.
2.4. Estimation of the effect of lesions
For each patient, the efects of lytic lesions were evaluated as per-
centage diferences between the densitometric or mechanical properties
of the vertebrae with the lesions, with respect to those calculated for the
control vertebrae (i.e. the two most adjacent vertebrae without lesions).
Each vertebra with lytic lesion with strength lower than the mean
strength value calculated for the controls identiied for that vertebra
was considered at risk and a biomechanical warning (“FE warning” in
the reports) was associated to them. Diferences in densitometric and
mechanical properties (structural or normalised) predicted between the
groups of vertebrae with and without lytic lesions were tested with
unpaired two-tails t-test with signiicance level of 0.05. Linear regres-
sions were used to analyse the relationships between mechanical and
densitometric properties or between stifness and failure load.
Moreover, linear regressions between the mechanical properties and
the SINS score were also investigated for the vertebrae with lytic le-
sions. Slope, intercept and coeicient of determination (R2) were re-
ported. Finally, in order to evaluate if a critical threshold in densito-
metric parameters could be found, for each vertebra with lytic lesion
the BMC or BMD were plotted versus the diference in its mechanical
properties and those of the respective control.
3. Results
The values of the geometrical and densitometric properties for each
modelled vertebra are reported in Table 2. In particular, the mean
equivalent BMD was for all vertebrae (pooled data) ranged from 0.10 g/
cm3 to 0.33 g/cm3 (0.20 ± 0.05 g/cm3) (Table 2) and the mean BMC
was 3.28 ± 1.57 g for vertebrae with lytic lesions and 3.20 ± 1.61 g
for controls.
The load-displacement and stress-strain curves predicted for the
vertebrae with or without lesions show a wide range of mechanical
properties (Fig. 2). Predicted ultimate force ranged between 1.7 kN and
12.3 kN (6.2 ± 2.7 kN for vertebrae with lytic lesions, 6.2 ± 3.0 kN
for control vertebrae) and vertebral strength ranged between 1.4MPa
and 7.2MPa (4.5 ± 1.6MPa for vertebrae with lytic lesions,
4.6 ± 1.3MPa for control vertebrae). Similar average values of den-
sitometric (volumetric BMD and BMC) or mechanical (K, FY, FU, W, E,
σY, σU, and U) properties were found for vertebrae with or without
lesions (p > 0.56) (Table 3).
Predicted structural stifness, yield force and ultimate force
Table 3
Diferences in densitometric (BMC and BMD) and estimated mechanical properties (K, FY, FU, W, E, σY, σU, and U) computed for the vertebrae with or without lytic
lesions. Percentage diferences (%dif) computed with respect to the controls and p-values are also reported. Average (Avg) and standard deviation (Std) are reported
for each group.
Controls Lytic lesions
Avg± Std Avg± Std dif %dif p-value
BMC [g] 3.20± 1.61 3.28± 1.57 0.08 2% 0.90
BMD [g/cm3] 0.21± 0.05 0.20± 0.06 −0.01 −6% 0.57
K [kN/mm] 41.40± 18.34 43.74± 15.25 2.35 6% 0.71
FY [kN] 4.58± 2.17 4.56± 2.03 −0.02 −0.4% 0.98
FU [kN] 6.21± 3.02 6.11± 3.49 −0.10 −2% 0.98
W [kN.mm] 2.07± 1.05 2.02± 1.06 −0.05 −2% 0.90
E [MPa] 733± 206 692± 267 −41.74 −6% 0.65
σY [MPa] 3.43± 0.96 3.17± 1.26 −0.26 −7% 0.56
σU [MPa] 4.62± 1.34 4.32± 1.63 −0.30 −6% 0.61
U [MPa] 0.065± 0.019 0.060± 0.023 −0.0044 −7% 0.59
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Fig. 3. Results from the computational models and the SINS. Linear regressions between BMC (left) or BMD (right) and structural and normalised structural
mechanical parameters. Regression equations are reported for vertebrae with lesions (red), control vertebrae (black) or pooled data (grey). Scatter plot between SINS
values and mechanical properties are reported on the right (no signiicant correlation was found).
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correlated well with the mean BMC measured within the vertebral body
for pooled data (R2=0.75 for structural stifness, R2=0.84 for yield
force and R2=0.82 for ultimate force) (Fig. 3). Slightly better corre-
lations were found between normalized structural properties and BMD
for pooled data (R 2=0.82 for normalized stifness, R2=0.85 for yield
stress and R2=0.84 for ultimate stress) (Fig. 3). In most cases similar or
better correlations between mechanical and densitometric properties
were found for vertebrae with metastases (Fig. 3). No signiicant cor-
relations were found between the SINS values and any of the structural
or normalised mechanical properties (p-value between 0.057 and
0.121) (Fig. 3). No clear threshold in densitometric parameters could be
identiied to classify between vertebrae considered at high risk of
fracture (Fig. 4).
As expected, predicted normalized structural properties as apparent
stifness and strength were highly correlated for pooled or split data
(R2=0.98 for all three cases, Fig. 5). This result is also supported by the
localization of the plastic strains in the internal low BMD region of the
vertebral bodies for vertebrae with lytic lesions and controls (example
in Fig. 7). Considering that homogenous compression has been applied
to the superior endplate of each vertebra, the regions (elements) with
lower BMD will be the irst subjected to higher plastic strains.
The efects of bone lesions on the mechanical properties of the
vertebrae were diferent for diferent patients (Table 4). Only in three
patients (P1, P3, P6) the vertebrae with lytic lesions were found to be
mechanically weaker (−19% to −75% diference for ultimate stress)
than the controls. In four cases (P2, P4, P5, P8) the vertebrae with the
lesions were found to be stronger (8%–88% diference for ultimate
stress) than the adjacent control vertebrae without lesions. In one case
(P7) one vertebra with lesions was found weaker than controls (−27%
diference for ultimate stress), and the other vertebra with lesions was
found to be stronger (28% diference for ultimate stress) than controls.
Therefore, for every patient a report was prepared for providing a
biomechanical assessment for each vertebra with lesions. The report
includes: a sagittal mid-section view of the QCT images, a cross section
highlighting the vertebra(e) with lytic lesions, the distribution of BMD
within the sub-region of interest of vertebrae with and without lesions,
the stress-strain curves predicted with subject-speciic FE models of
vertebrae with and without lesions and a table with the percentage
diferences of the normalized structural properties between the ver-
tebrae with lytic lesions and the controls. An example of a report for a
patient with vertebrae with critical lesions (P6) is reported in Fig. 8. All
the other reports are included in Appendix C.
The distributions of external and internal principal compressive
strain and stress were much more homogeneous in the control vertebrae
compared to those with lytic lesions, in both cases in which the ver-
tebrae with lesion was found to be stronger or weaker than the control
(Fig. 6). However, the denser bone found around the lesion in some
cases (e.g. P8) had a shielding efect on the localization of strains which
probably lead to increase stifness and strength.
4. Discussion
The aim of this study was to develop a computational approach to
Fig. 4. Relationship between densitometric
paramters and mechanical properties for ver-
tebrae with lytic lesions that showed a lower or
higher ultimate force with respect to the con-
trols. Top: linear regressions between BMC or BMD
and ultimate force (Fu) for the vertebrae with lower
(crosses) or higher (full circles) predicted ultimate
force with respect to the adjecent controls. Bottom:
scatter plots between BMC or BMD and the diference
in ultimate force (Fu) calculated for each vertebra
with lytic lesion with respect to adjacent controls.
Fig. 5. Relationship between predicted stiffness and strength. Linear re-
gression analysis between predicted normalised stifness and strength for ver-
tebrae with lytic lesions (red circles), and vertebrae without lytic lesions (black
circles). The equation for pooled data is reported in gray.
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evaluate the biomechanical properties of vertebrae with lytic lesions in
cancer patients.
None of the vertebrae evaluated in this study had BMD values below
the osteoporotic threshold (BMD lower than 0.08 g/cm3), with only two
of the vertebrae with lesions (T5 of P3 and L3 of P6) classiied as os-
teopenic (BMD between 0.08 g/cm3 and 0.12 g/cm3) (Zysset et al.,
2015) (Fig. 9). Values of ultimate force obtained from the pooled data
were slightly higher than those reported in the literature for human
vertebrae without metastatic lesions (Wang et al., 2012; Dall’Ara et al.,
2012; Melton et al., 2010) (Fig. 9). Nevertheless, higher variability
among the predicted ultimate forces was found compared to previous
studies (i.e. coeicient of variation, CV, in this study equal to 46% for
pooled data, 49% for healthy and 43% for metastatic vertebrae, versus
a CV up to 38% in other studies (Wang et al., 2012)). The higher
variability is probably due to the fact that in this study diferent spine
levels (from T4 to L5) were considered. In fact, in the literature only
healthy, osteopenic or osteoporotic vertebrae (Wang et al., 2012;
Dall’Ara et al., 2012; Melton et al., 2010) from mainly lumbar levels
were analysed (T12-L5; L1-L2; or L1-L3).
In line with the literature on vertebral mechanics, structural prop-
erties were well correlated with the mean BMC of the vertebral bodies
(R2=0.85 for ultimate force versus R2=0.70 in (Dall'Ara et al., 2012);
R2=0.80 for stifness versus R2=0.62 in (Dall'Ara et al., 2012)). As
expected, the equivalent BMD correlated better with normalized
structural properties (R2=0.86 for ultimate stress versus R2=0.74 in
(Dall'Ara et al., 2012); R2=0.82 for normalised stifness versus
R2=0.71 in (Dall'Ara et al., 2012)). These results were extended also
for vertebrae with lytic lesions (R 2=0.78 for BMC vs ultimate force,
R2=0.69 for BMC vs stifness, R2=0.83 for BMD vs ultimate stress,
R2=0.84 for BMD vs normalised stifness). The similar correlation
between BMD and vertebral strength estimated from the FE models for
vertebrae with lytic lesions or controls, suggests that the vertebral
mechanical properties are driven by the geometrical and densitometric
properties of the bone. Therefore, is seems reasonable to use ap-
proaches developed to estimate the vertebral strength in osteoporotic
subjects for estimating the mechanical properties of vertebrae with le-
sions. Nevertheless, this is not necessarily true for modelling bones with
blastic lesions or primary tumours (e.g. osteosarcoma), for which a si-
milar assessment is required and further experimental analyses to
characterize the properties of the tumoral tissue are needed. It should
be noted that no correlations were found between the SINS values and
the predicted mechanical properties for the vertebrae with lytic lesions.
This result suggests that this scoring system is not related to the com-
pressive strength of the vertebra with lesions. The optimal correlation
between predicted vertebral strength and normalized stifness
(R2=0.98) is probably due to the simple material model used to de-
scribe the post-yield behaviour of bone. In fact, the distribution of the
plastic strains showed a localization in the central, low BMD region of
the vertebral body, systematically for the diferent specimens. Similar
strong correlations between stifness and strength have been reported in
the literature for human vertebrae without lesions by analysing ex-
perimental measurements (R2=0.90) (Pahr et al., 2011) or predictions
from FE models (R2=0.92) (Pahr et al., 2011).
The results of this study suggest that a detailed subject-speciic
biomechanical assessment with computational models can improve our
understanding of the criticality of a lytic lesion on the vertebral
strength. Moreover, the diferent results obtained for diferent patients
suggest that patient-speciic analyses are recommended for a better
estimation of the efect of the lesion on the mechanical stability of the
vertebrae. For example, patient P1 had two vertebrae with lytic lesions
with SINS equal to 9 for L1 and equal to 7 for L4. Both vertebrae
showed slightly lower BMD compared to the controls. The lytic lesion in
L1 was larger than that in L4 and it was located in the anterior left
region of the vertebral body causing a disruption of the cortical shell
(Figure C1 (Appendix C)). Both vertebrae have shown a lower nor-
malized stifness and strength compared to the adjacent controls (i.e.
reduction of approximately 20%) and, therefore, both were classiied as
being at risk of fracture. The vertebrae of patient P4 were associated
with high values of SINS (10 for L2 and 8 for L3), suggesting that the
vertebrae were close to an unstable condition. Nevertheless, from the
computational analyses the vertebrae with lytic lesions were considered
to be 8%–25% stronger than the adjacent controls, and therefore con-
sidered at similar risk of fracture. Another patient (P7), who sufers
from an aggressive spinal hemangioma, showed even higher SINS (8 for
Table 4
Predicted normalized structural properties (E, σU, and U) from the subject-speciic FE models of a patient set of vertebrae with and without lytic lesions. Percentage
diferences for each parameter between the estimated values computed for the vertebrae with the lytic lesions and those computed for the control vertebrae were
reported for each patient. In the last two columns SINS and indication of critical conditions from the FE models (FE warning) are reported.
Patient ID Level Condition E [MPa]
Avg (range)
%dif σU [MPa]
Avg (range)
%dif U [MPa]
Avg (range)
%dif SINS
Score
FE
Warning
P1 T12 + L2 Controls 985 (947–1024) −22% 6.0 (5.6–6.3) −19% 0.08 (0.08–0.09) −20%
L1 Lytic lesions 767 4.8 0.07 9 YES
L3+L5 Controls 1052 (1030–1074) −18% 6.9 (6.5–7.2) −21% 0.10 (0.09–0.10) −22%
L4 Lytic lesions 866 5.4 0.08 7 YES
P2 L3+L4 Controls 460 (457–464) 86% 2.8 (2.8–2.9) 88% 0.04 (0.04) 86%
L5 Lytic lesions 856 5.3 0.07 7 NO
P3 T4+T6 Controls 594 (568–621) −31% 3.6 (3.5–3.7) −24% 0.05 (0.05) −27%
T5 Lytic lesions 409 2.7 0.04 10 YES
P4 L1+L4 Controls 813 (800–826) 15% 5.0 (5.0) 25% 0.07 (0.07) 22%
L2 Lytic lesions 931 6.2 0.09 10 NO
L1+L4 Controls 813 (800–826) 4% 5.0 (5.0) 8% 0.07 (0.07) 8%
L3 Lytic lesions 849 5.4 0.08 8 NO
P5 L1+L3 Controls 646 (630–662) 19% 4.1 (4.0–4.2) 13% 0.06 (0.06) 15%
L2 Lytic lesions 772 4.6 0.07 11 NO
P6 L2+L5 Controls 868 (826–909) −74% 5.7 (5.4–5.9) −75% 0.08 (0.07–0.08) −76%
L3 Lytic lesions 226 1.4 0.02 12 YES
L2+L5 Controls 868 (826–909) −40% 5.7 (5.4–5.9) −46% 0.08 (0.07–0.08) −47%
L4 Lytic lesions 518 3.0 0.04 9 YES
P7 T11 + L2 Controls 485 (470–501) −27% 3.2 (3.1–3.3) −27% 0.04 (0.04) −27%
T12 Lytic 356 2.3 0.03 8 YES
T11 + L2 Controls 485 (470–501) 28% 3.2 (3.1–3.3) 24% 0.04 (0.04) 25%
L1 Lytic lesions 620 3.9 0.05 11 NO
P8 L3+L5 Controls 696 (673–719) 62% 4.4 (4.4) 51% 0.06 (0.06) 53%
L4 Lytic lesions 1129 6.6 0.09 7 NO
M.C. Costa, et al. -RXUQDORIWKH0HFKDQLFDO%HKDYLRURI%LRPHGLFDO0DWHULDOV²

Fig. 6. Principal strains. Distribution of minimum principal strain and stress computed for patient P1 for the vertebra with a lytic lesion (L1) and the two adjaent
control (T12 and L2). The properties are reported for the 3D distribution (bottom) and for a sagittal section (top). On the left hand side a sagittal section from the QCT
image is reported.
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T12 and 11 for L1). The lytic lesions, in particular in L1, were widely
spread within the vertebral body, which was composed of trabeculae
thicker than those observed in other vertebrae, whereas for T12 the
lesion was less developed. Only one of the vertebrae was considered at
high risk from the computational assessment, the one with the lower
SINS (T12 was 27% weaker than the controls, L1 was 24% stronger than
the controls). These results highlight that with computational ap-
proaches further information about the biomechanical status of the
vertebrae can be estimated, something that is not possible with the
current clinical tools.
There are some limitations in this study. First, a direct validation of
the outputs of the FE models for predicting the mechanical properties of
the vertebrae with and without lytic lesions was not performed. In fact,
the comparative approach used in this study is based on the assumption
that the lytic lesions can be modelled as low density bone tissues in-
stead of more complicated constitutive models (Tschirhart et al., 2004;
Whyne et al., 2000). Currently, little is known about the properties of
the material within the lesions (Whyne et al., 2000) and the composi-
tion of the lytic tumour tissues can vary greatly according to the type of
primary cancer (Vialle et al., 2015). Nevertheless, the assumption that
the lytic lesions can be approximated to low density bone tissues under
axial compression seems to be supported by a number of studies
(Stadelmann et al., 2018; Nazarian et al., 2008; Lenherr et al., 2018). In
particular, Nazarian et al. (2008), showed that the phenomenological
relationships between BMD and elastic properties for trabecular bone
tissue with and without lesions are similar, by combining results ob-
tained from micro-CT scans, mechanical tests under compression and
gravimetric analyses. More recently Lenherr et al. (2018) have shown
that the trabeculae extracted from the human vertebrae in regions af-
fected by lytic lesions or in regions without lesions have material
properties, estimated with micro-indentation experiments (N=14),
not signiicant diferent (elastic modulus equal to 14.8 GPa for normal
tissues and equal to 15.2 GPa for tissue with lytic lesions). Furthermore,
Stadelmann et al. (2018) have shown that FE models based on micro-CT
images of the human vertebrae with lytic lesions or with small blastic
lesions predicted the experimentally measured compressive stifness
and strength similarly to vertebrae without lesions. The three above-
mentioned studies support the assumption that the material properties
of bone tissue with or without lytic lesions are similar and that the same
constitutive law can be used to model healthy tissue or tissue with lytic
lesions in inite element models of the human vertebrae. Therefore, in
our study the subject-speciic heterogeneous FE models could be used to
evaluate the relative diferences in mechanical properties between the
vertebrae with or without lesions from the same patients. Nevertheless,
before this computational tool can be directly applied in clinics, a direct
validation of the approach against ex vivo experiments should be per-
formed. Another limitation of the modelling approach is that the bone
tissue was assumed to be isotropic. While vertebral bone has been
shown to be anisotropic, this assumption was considered acceptable
considering the comparative nature of this study. Furthermore, in this
study loading was applied to single vertebral bodies, not considering
structures as intervertebral discs and articular contacts between facet-
joints, which contribute for the physiologic loading transfer and dis-
tribution to the vertebrae (Groenen et al., 2018; Hussein et al., 2012).
Finally, only vertebral compressive strength was estimated. In order to
account for the possible physiological loading scenarios torsion,
bending and multi-axial loading should be simulated. In particular,
testing diferent loading conditions becomes critical when localised
lesions may increase the local stresses and strains in critical regions of
the bone. Nonetheless, compression is one of the most important
loading conditions of the spine which often relates to vertebral fractures
(Wang et al., 2012; Buckley et al., 2007; Crawford et al., 2003; Jackman
et al., 2015).
In conclusion, in this study we presented an approach to estimate
the mechanical competence of vertebrae with lytic metastases in cancer
patients. This method has a great potential in improving current ap-
proaches to diagnose the risk of fracture of patients with vertebrae with
lytic lesions. Nevertheless, it remains to be investigated in a clinical
study if this method, together with the SINS, can better classify patients
at high risk of fracture compared to the SINS score alone.
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Fig. 7. Elastic and Plastic strains. Example of distributions of elastic (εeq
el) and plastic (εeq
pl) equivalent strains for a control vertebra (patient P1, T12, top vertebra)
and a vertebrae with lytic lesions (patient P1, L1, bottom vertebra), reported in a lateral view (bottom) and a sagittal section (top).
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Fig. 8. Typical report for biomechanical assessment of vertebral stability. Report for patient P6. The report includes: a sagittal mid-section view of the QCT
images of the patient, higlhigting both vertebrae with lytic lesions (a); Distribution of BMD in the chosen region of interest within the vertebrae with lesions (shown
by solid and dahsed red lines) and without lesions (shown by solid black and blue lines) (b); Stress-strain curves computed from the subject-speciic FE models of
vertbrae with lesions (solid and dashed red lines) and without lesions (solid black and blue lines) (c). Percentage diferences observed in predicted normalised
structural properties (E, σU, and U) (d).
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Appendix A. Calculation of the SINS values.
The parameters used for computing the SINS for each vertebra with a lytic lesion is reported in Table A1.1 according to Fisher et al. (2010).
Table A1
SINS - Spine Instability Neoplastic Score
Location
⃞ Junctional (C0-2, C7–Th2,Th11-L1, L5-S1) 3 points
⃞ Mobile Spine (C3-6, L2-4) 2 points
⃞ Semi-rigid (Th3-10) 1 points
⃞ Rigid (S2-5) 0 points
Pain relief with recumbency and/or pain with movement/loading of the spine
⃞ Yes 3 points
⃞ No (occasional pain but non mechanical) 2 points
⃞ Pain free lesion 1 points
Bone lesion
⃞ Lytic 2 points
⃞ Mixed (lytic/blastic) 1 points
⃞ Blastic 0 points
Radiographic spinal aligenement
⃞ Subluxation/translation present 4 points
⃞ De novo deformity (kyphosis/scoliosis) 2 points
⃞ Normal alignment 1 points
Vertebral body collapse
⃞ >50% collapse 3 points
⃞ <50% collapse 2 points
⃞ No collapse with > 50% body involved 1 points
⃞ None of the above 0 points
Posterolateral involvement of the spinal elements (facet, pedicle or costovertebral joint fracture or replacement with tumor)
⃞ Bilateral 3 points
⃞ Unilateral 2 points
⃞ None of the above 0 points
Interpretation of the SINS score
• Total score 0–6: Stable
• Total score 7–12: Indeterminate (possibly impending) instability
(continued on next page)
Fig. 9. Mechanical properties compared to the
literature. Values of ultimate force predicted from
the FE models (left) and of measured BMD (right) for
this study and some relevant literature (data ex-
tracted from (Wang et al., 2012; Dall’Ara et al., 2012;
Melton et al., 2010)). Data from this study are re-
ported in red for vertebrae with lytic lesions and in
black for controls.
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Table A1 (continued)
SINS - Spine Instability Neoplastic Score
• Total score 13–18: Instability
• SINS scores from 7 to 18 need warrant surgical consultation
References.
Fisher CG, Charles G. et al., 2010. A novel classiication system for spinal instability in neoplastic disease: an evidence-based approach and
expert consensus from the Spine Oncology Study Group. Spine 35 (22): E1221-E1229.
Appendix B. Choice of the mesh in the FE models
In this sub-study a mesh size analysis was performed over the heterogeneous QCT-based FE models. The heterogeneous nature of these models
implies that there is a dependency between the mesh size and the assignment of the material properties. Therefore, as it is impossible to perform a
standard mesh-reinement test, the goal of this sub-study was to evaluate the efect of diferent mesh reinements on the predictions of both local and
structural properties of the vertebrae estimated with the FE models.
Materials and methods
The dataset from one patient (P3) was used. Three vertebrae were modelled: one with a lytic lesion (T5) and two adjacent controls without
lesions (T4 and T6). Each vertebra was segmented and aligned as previously reported.
Quadratic (10 nodes) tetrahedral elements were used to discretize each vertebral volume (ICEM-CFD v15.0, Ansys, Pennsylvania, USA). Through
a meshing sub-step, the surface mesh of the endplates was isolated from the discretized vertebral volume. In this step, the surface of the endplates
was split from the overall vertebral surface object through the manual deinition of a cloud of points contouring the endplates. The 3D mesh attached
to the surfaces of the endplates was then extracted. The maximum edge size (esize) of the elements used in the mesh reinement study was chosen
equal to 0.607mm, in plane image resolution of the dataset, and by multiplying it to 1.65, to obtain coarser meshes (i.e. esize= 1.00mm, 1.65mm
and 2.73mm).
The material properties and the boundary conditions were assigned as described above. The same post-processing approach was used to estimate
local and structural properties for each model with diferent mesh size. Distributions of third principal strains were analysed for each vertebral model
to check uniformity in the strain gradients among the diferent reined models of each vertebra. From each of the most reined vertebral models, the
location of the node with the peak value of EPEL3 was considered (i.e excluding surface nodes) and the values in the coarser mesh in that coordinate
(displacements and strains) were interpolated using the element shape. The percentage diferences (%dif) between the properties estimated from the
models at diferent reinements with respect to those estimated from the most reined model (i.e. reference model) were computed. Convergence was
assumed for percentage diferences of predicted local and structural properties inferior than 10% (Chen et al., 2014). Stress-strain curves were also
computed for each model.
The change in the distribution of material properties within the diferent reined models of each vertebra were also analysed within the sub-
region of interest of each model. The tissue elastic modulus and the BMD were calculated as mean among the elements connected to the reference
node found in the most reined model, or the values found for the element which contained the coordinates of the reference node in the courser
models.
Results
Changes in material properties of the vertebra with a lytic lesion (T5) and the controls (T4 and T6) caused by changes in the size of the maximum
edge length were on average smaller than 2.7% for equivalent density and elasticity. As expected, the increase in the size of the elements resulted in a
decreased variability of the material properties within the models.
Fig. B1. Distribution of the elastic tissue modulus within the region of analysis (left) and stress-strain curves (right) computed for each mesh reinement for the
vertebra with the lytic lesion (T5) and for controls (T4 and T6).
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Percentage diferences in local displacements and compressive strains found between second most reined models (esize= 1.00mm) and the
other models were smaller than 10% for both control vertebrae T4 and T6 (Table B1). However, for the lytic vertebra a percentage diference of 17%
was observed for interpolated displacements whereas a percentage diference of 5% was found for interpolated third principal strains (Table B1).
Larger diferences were found for the courser (Table B1).
Table B1
Speciications of the models in terms of size (element size and NDOF), computational expenses (elapsed time and memory usage), direct and indirect convergence of
results (EPEL3 at peak nodal location and Fu and K at the structural level).
Level Condition Element size
[mm]
NDOFs [mil-
lions]
Elapsed time∗
[min]
Eapp∗∗
[MPa]
UZ [mm] (%dif to ref
model)
EPEL3 [ɛ] (%dif to ref
model)
σu [MPa] (%dif to ref
model)
E [MPa] (%dif to ref
model)
T4 Control 2.73 0.3 7.7 69 −0.109 (1%) −0.012 (−30%) 3.7 (3%) 599 (2%)
1.65 1.5 8.3 50 −0.104 (−4%) −0.015 (−15%) 3.6 (1%) 590 (< 1%)
1.00 6.7 17.0 21 −0.099 (−8%) −0.017 (−1%) 3.6 (1%) 591 (< 1%)
0.607 30.1 61.0 36 ± 23 −0.108 −0.017 3.6 590
T5 Lytic 2.73 0.3 6.9 97 −0.146 (−15%) −0.010 (−73%) 3.1 (7%) 458 (3%)
1.65 1.6 19.5 27 −0.142 (−17%) −0.014 (−62%) 3.0 (3%) 448 (< 1%)
1.00 7.2 18.3 3 −0.142 (−17%) −0.039 (5%) 2.9 (1%) 442 (−1%)
0.607 32.2 67.9 16 ± 21 −0.171 −0.036 2.9 446
T6 Control 2.73 0.4 7.2 66 −0.099 (< 1%) −0.011 (−29%) 3.9 (3%) 659 (2%)
1.65 1.6 8.4 19 −0.103 (4%) −0.018 (17%) 3.9 (2%) 653 (1%)
1.00 7.3 18.8 30 −0.104 (5%) −0.014 (−8%) 3.8 (1%) 647 (< 1%)
0.607 32.7 68.9 20 ± 7e-15 −0.099 −0.015 3.8 648
∗ Elapsed time computed for models running in Iceberg taking 32processors shared among 4 nodes.
∗∗ Material properties reported as avg ± std for the most reined model as all the elements containing the peak node of EPEL3. For the coarser models it is only
reported the stifness for the element where the location of the peak node found in the most reined models falls.
Small diferences were observed among the stress-strain curves of the diferent models, with slightly larger diference for the vertebrae with a
lytic lesion, T5 (Figure B1). Predictions of vertebral strength, vertebral stifness and nodal displacements (%dif lower than 17%) showed in general
to be less sensitive than predictions of strains (%dif ranging from 1% to 73% for EPEL3) to the diferent mesh reinements (Table B1, Figure B1). The
percentage diferences between the most reined and the second most reined models for stifness and strength were less or equal to 1% for all
vertebrae (Table B1).
Discussion
The aim of this sub-study was to choose the mesh size for the homogenised subject-speciic QCT-based heterogeneous models.
A small variation was observed for predictions of structural properties, as apparent stifness and strength, obtained between the reined and the
reference models of each vertebra (i.e. %dif<10%). On the other hand, the diferences found for predictions of local properties between diferent
reined modes and the reference models were higher (maximum %dif of 73%).
From the analysis of local stifness, found within the elements containing the interpolation point in the coarser models, it was observed that in the
vertebrae with the lytic lesion the peak location of third principal strains fall in a softer and low density region compared to T4 and T6. This explains
the higher local deformation observed for the peak node in T5, of approximately 4%, compared to T4 and T6, peak EPEL3 of approximately 2%.
Moreover, it was observed a higher variability within the local elasticity found for the elements containing the peak node in the most reined model
of T5 compared to the controls (CV=1.3 against ∼0–0.6 for T6 and T4 respectively). This inding highlights the high gradient in the material
properties within T5 close to the lesion, which explains the higher variability observed in the local properties of this model compared to the controls.
Considering that the modelling from clinical data will be based on the analysis of structural properties, we consider that the models using 1.0mm
element size provide reliable predictions of structural properties, being 73% faster than the most reined models.
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Appendix C. Reports for each patient
Fig. C1. Report for patient P1.
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Fig. C2. Report for patient P2.
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Fig. C3. Report for patient P3.
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Fig. C4. Report for patient P4.
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Fig. C5. Report for patient P5.
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Fig. C6. Report for patient P6.
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Fig. C7. Report for patient P7.
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Fig. C8. Report for patient P8.
References
Alkalay, R.N., 2015. Efect of the metastatic defect on the structural response and failure
process of human vertebrae: an experimental study. Clin. Biomech. 30 (2), 121–128.
Alkalay, R.N., Harrigan, T.P., 2016. Mechanical assessment of the efects of metastatic
lytic defect on the structural response of human thoracolumbar spine. J. Orthop. Res.
1808–1819 (October).
Alkalay, R., Adamson, R., Miropolsky, A., Hackney, D., 2018. Female human spines with
simulated osteolytic defects: CT-based structural analysis of vertebral body strength.
Radiology 288 (2), 436–444.
Bayraktar, H.H., Morgan, E.F., Niebur, G.L., et al., 2004. Comparison of the elastic and
yield properties of human femoral trabecular and cortical bone tissue. J. Biomech. 37,
27–35.
Buckley, J.M., Cheng, L., Loo, K., Slyield, C., 2007. Quantitative computed tomography-
based predictions of vertebral strength in anterior bending. Spine 32 (9), 1019–1027.
Campbell, G.M., Peña, J.A., Giravent, S., et al., 2017. Assessment of bone fragility in
patients with multiple myeloma using QCT-based inite element modeling. J. Bone
Miner. Res. 32 (1), 151–156.
Crawford, R.P., Cann, C.E., Keaveny, T.M., 2003. Finite element models predict in vitro
vertebral body compressive strength better than quantitative computed tomography.
Bone 33, 744–750.
Dall'Ara, E., Pahr, D., Varga, P., et al., 2012. QCT-based inite element models predict
human vertebral strength in vitro signiicantly better than simulated DEXA.
Osteoporos. Int. 23 (2), 563–572.
Danesi, V., Zani, L., Scheele, A., et al., 2014. Reproducible reference frame for in vitro
testing of the human vertebrae. J. Biomech. 47, 313–318.
Ebihara, H., Ito, M., Abumi, K., et al., 2004. A biomechanical analysis of metastatic
M.C. Costa, et al. -RXUQDORIWKH0HFKDQLFDO%HKDYLRURI%LRPHGLFDO0DWHULDOV²

vertebral collapse of the thoracic spine: a sheep model study. Spine 29 (9), 994–999.
Fisher, C.G., Schouten, R., Versteeg, A.L., et al., 2014. Reliability of the Spinal Instability
Neoplastic Score ( SINS ) among radiation oncologists : an assessment of instability
secondary to spinal metastases. Radiat. Oncol. 9 (1), 1–7.
Fourney, D.R., Frangou, E.M., Ryken, T.C., et al., 2011. Spinal instability neoplastic
Score : an analysis of reliability and validity from the spine Oncology study group. J.
Clin. Oncol. 29 (22), 3072–3077.
Galbusera, F., Qian, Z., Casaroli, G., et al., 2018. The role of the size and location of the
tumors and of the vertebral anatomy in determining the structural stability of the
metastatically involved spine: a inite element study. Transl. Oncol. 11 (3), 639–646.
Groenen, K.H.J., Bitter, T., van Veluwen, T.C.G., et al., 2018. Case-speciic non-linear
inite element models to predict failure behavior in two functional spinal units. J.
Orthop. Res. 1–11.
Hardisty, M.R., Akens, M.K., Hojjat, S.P., et al., 2012. Quantiication of the efect of os-
teolytic metastases on bone strain within whole vertebrae using image registration. J.
Orthop. Res. 30, 1032–1039.
Hussein, A., Barbone, P.E., Morgan, E.F., 2012. Digital Volume Correlation for study of
the mechanism of whole bones. Procedia IUTAM 4, 116–125.
Jackman, T.M., Hussein, A.I., Curtiss, C., et al., 2015. Quantitative, 3-D visualization of
the initiation and progression of vertebral fractures under compression and anterior
lexion. J. Bone Miner. Res. 1–37.
Keaveny, T.M., Mcclung, M.R., Genant, H.K., et al., 2014. Femoral and vertebral strength
improvements in postmenopausa women with osteoporosis treated with denosumab.
J. Bone Miner. Res. 29 (1), 158–165.
Lenherr, C., Voumard, B., Stadelmann, M., et al., 2018. Indentation Properties of
Metastatic Vertebral Trabecular Bone. Word Congress of Biomechanics, Dublin,
Ireland Jul 2018.
Les, C.M., Keyak, J., Stover, S.M., et al., 1994. Estimation of material properties in the
equine metacarpus with use of quantitative computed tomography. J. Orthop. Res.
12, 822–833.
McGowan, D.P., Hipp, J.A., Takeuchi, T., et al., 1993. Strength reductions from trabecular
destruction within thoracic vertebrae. J. Spinal Disord. 6 (2), 130–136.
Melton, L.J., Riggs, B.L., Keaveny, T.M., et al., 2010. Relation of vertebral deformities to
bone density ,structure, and strength. J. Bone Miner. Res. 25 (9), 1922–1930.
Morgan, E.F., Keaveny, T.M., 2001. Dependence of yield strain of human trabecular bone
on anatomic site. J. Biomech. 34 (5), 569–577.
Morgan, E.F., Bayraktar, H.H., Keaveny, T.M., 2003. Trabecular bone modulus-density
relationships depend on anatomic site. J. Biomech. 36 (7), 897–904.
Nazarian, A., Von Stechow, D., Zurakowski, D., et al., 2008. Bone volume fraction ex-
plains the variation in strength and stifness of cancellous bone afected by metastatic
cancer and osteoporosis. Calcif. Tissue Int. 83, 368–379.
Pahr, D.H., Dall'Ara, E., Varga, P., Zysset, P.K., 2011. HR-pQCT-based homogenised inite
element models provide quantitative predictions of experimental vertebral body
stifness and strength with the same accuracy as μFE models. Comput. Methods
Biomech. Biomed. Eng. 15, 711–720.
Palanca, M., Barbanti-Bròdano, G., Cristofolini, L., 2018. The size of simulated lytic
metastases afects the strain distribution on the anterior surface of the vertebra. J.
Biomech. Eng. 140 (11), 111005.
Rijsbergen, M van, van Rietbergen, B., Barthelemy, V., et al., 2018. Comparison of pa-
tient-speciic computational models vs. clinical follow-up, for adjacent segment disc
degeneration and bone remodelling after spinal fusion. PLoS One 13 (8), e0200899.
Sánchez, A.B., Sistal, A.G., 2014. A quantitative method for the characterization of lytic
metastases of the bone from radiographic images. Sci. World J. 2014.
Schileo, E., Dall'Ara, E., Taddei, F., et al., 2008. An accurate estimation of bone density
improves the accuracy of subject-speciic inite element models. J. Biomech. 41,
2483–2491.
Silva, M.J., Hipp, J.A., Gowan, D.P.M., Hayes, W.C., 1993. Strength reductions of thoracic
vertebrae in the presence of transcortical osseous defects: efects of defect location,
pedicle disruption, and defect size. Eur. Spine J. 2, 118–125.
Stadelmann, M., Alkalay, R., Maquer, G., et al., 2018. Can Micro and Homogenized Finite
Element Analysis Estimate the Strength of Human Metastatic Vertebrae? Word
Congress of Biomechanics, Jul 2018, Dublin, Ireland.
Sutclife, P., Connock, M., Shyangdan, D., et al., 2013. A systematic review of evidence on
malignant spinal metastases: natural history and technologies for identifying patients
at high risk of vertebral fracture and spinal cord compression. Health Technol. Assess.
17, 1–274.
Tschirhart, C.E., Nagpurkar, A., Whyne, C.M., 2004. Efects of tumor location, shape and
surface serration on burst fracture risk in the metastatic spine. J. Biomech. 37 (5),
653–660.
Tschirhart, C.E., Finkelstein, J. a., Whyne, C.M., 2007. Biomechanics of vertebral level,
geometry, and transcortical tumors in the metastatic spine. J. Biomech. 40 (1),
46–54.
Vialle, L.R., Gokaslan, Z.L., Fisher, C.G., Boriani, S., 2015. AOSpine Masters Series.
Volume 1. Metastatic Spinal Tumors, irst ed. Thieme Medical Publishers, Inc., New
York, NY 128 pp.
Wang, X., Sanyal, A., Cawthon, P.M., et al., 2012. Prediction of new clinical vertebral
fractures in elderly men using inite element analysis of CT scans. J. Bone Miner. Res.
27 (4), 808–816.
Whyne, C.M., Hu, S.S., Worman, K.L., Lotz, J.C., 2000. Biphasic material properties of
lytic bone metastases. Ann. Biomed. Eng. 28, 1154–1158.
Whyne, C.M., Hu, S.S., Lotz, J.C., 2001. Parametric inite element analysis of vertebral
bodies afected by tumors. J. Biomech. 34 (10), 1317–1324.
Whyne, C.M., Hu, S.S., Lotz, J.C., 2003. Burst fracture in the metastatically involved
spine: development, validation, and parametric analysis of a three-dimensional por-
oelastic inite-element model. Spine 28 (7), 652–660.
Windhagen, H.J., Hipp, J.A., Silva, M.J., et al., 1997. Predicting failure of thoracic ver-
tebrae with simulated and actual metastatic defects. Clin. Orthop. Relat. Res. 344
(November), 313–319.
Zysset, P., Qin, L., Lang, T., et al., 2015. Clinical use of quantitative computed tomo-
graphy-based inite element analysis of the hip and spine int he management of os-
teoporosis in adults: the 2015 ISCD oicial positions - Part II. J. Clin. Densitom.
18 (3).
M.C. Costa, et al. -RXUQDORIWKH0HFKDQLFDO%HKDYLRURI%LRPHGLFDO0DWHULDOV²

